The main objective of this paper is to reduce the total harmonics in a single phase voltage source inverter using Artificial Bee Colony (ABC) optimization technique for critical load applications. Single phase inverter is a non-linear load using power electronic components causing distortions in the load voltage and current wave patterns from the sinusoidal waveforms due to harmonics. The mapping state space model for a full bridge voltage source inverter was developed using output load resistance. An optimal ABC technique has been designed and optimized values are estimated using a full bridge voltage controlled inverter using Proportional Integral Algorithm. The MATLAB/SIMULINK tool and Experimental setup were implemented and their THD values were estimated. Also this ABC scheme is compared with the previous results such as PI Algorithm, Fuzzy logic controller and Neuro-fuzzy controllers. From the simulation and experimental results using ABC algorithm, it is observed that the total harmonics are mitigated considerably compared to previous results with respect to the power quality standards such as IEEE-519 and IEC 61000.
Introduction
Inverter is a power electronics setup used to generate AC voltage from a DC source of desired magnitude and * Corresponding author.
N. M. Spencer Prathap Singh et al.

2155
frequency. Single phase inverters are widely used in case of power failures to deliver power to critical loads, variable speed ac drives, induction heating, uninterruptible power supplies (UPS) for hospitals, security complexes, standby aircraft power supplies, traction, HVDC transmission lines and renewable energy applications which require pure sinusoidal waveform at the specified magnitude, frequency and low total harmonic distortion (THD). Normally, DC-AC inverters operate in pulse width modulation (PWM). During the process of inversion in a thyristorised power converter; harmonics of power frequency are produced on the converter. Reducing the harmonic content of the output voltage, current is one of the important tasks of the designers. Harmonics appear as undesirable noise. Poor power factor, Excessive temperature rise may weaken the reliability and life of the motors or equipment, sensitive electronic equipment malfunction, and increase the apparent power and oversizing of sources, acoustical noise in AC motor drives, etc. Hence an active harmonic reduction strategy is often desirable. Conventionally three harmonic reduction strategies such as switch control, vector control, and modulation technique are generally employed for harmonic reduction.
The inverters used for critical loads generally require less than 5% total harmonic distortion (THD) and the amplitude of individual harmonics should be less than 3% of the fundamental amplitude. The low THD value improves the dynamic response of the UPS in load variations. Single phase inverters are widely used due to its compact size, flexibility in operation, faster dynamic response, low acoustic noise, etc. An inverter has become the necessity of the day during the period of load shedding or as an interim source until the backbone supply is restored. Single phase inverters of small sizes (less than 1000 W) are used in domestic installations as a source of standby electric supply. Its overall cost is less than the portable generator of the same power rating. Many conventional methods have been put forward by several researchers on mitigating harmonics in power converters. The conventional methods exhibit poor system response under line and load variations.
The Single Phase Voltage Source Inverter generates harmonic content at its output due to the non-linear characteristic of power devices. In single phase voltage source inverters, the output voltage remains more or less constant due to its low internal impedances whereas the output current varies with respect to load. Therefore the terminal voltage is determined by the inverter setup whereas the load current is determined by the load. Harmonic mitigation in an inverter is an important task for its efficient operation. Conventionally, PWM techniques are used in voltage source inverters for reducing harmonic to a certain level. Moreover, the distortions of an inverter can be reduced by using composite observers both in series and shunt of the circuitry [1] - [4] . Electromagnetic Interferences may introduce harmonics in an inverter and the attenuation of EMI improves the efficiency of inverters [5] . The low pass filter incorporated at the output of an inverter may smooth the wave pattern thereby reducing the harmonic level [6] - [8] . Soft computing techniques such as fuzzy logic controller and artificial neural networks are implemented in voltage source inverters for reducing the magnitude of harmonics below standard level [9] - [12] . The application of Walsh domain waveform analytic technique is used to express the output voltage for adjusting the switching angles in Bipolar and Unipolar Voltage schemes [13] [14] . Several optimization techniques such as Particle Swarm Optimization (PSO) and Weighted Differential Evolution based PWM are also performed to improve the inverter efficiency [15] - [17] . Inverters are also employed in renewable energy applications such as H-bridge inverter using photovoltaic optimization for increasing efficiency with minimized harmonics [18] . Bipolar notching method and reducing the dead time as well as voltage drops in the switching devices was also suggested for harmonic reduction [19] [20] .
In this work, Artificial Bee Colony optimization Technique is applied to estimate the optimized values of PI-controller for reducing harmonic distortions in the single phase inverters. This controller is known as ABC-PI controller. Artificial Bee Colony Algorithm is a natural inspired optimization technique simulating the foraging behaviour of honeybees. It is a very robust and population based optimization algorithm. In ABC algorithm, the colony of artificial bees contains three groups of bees namely employed bees, onlookers and scouts. A bee going to the food source is named as employed bee. A bee waiting on the dance area for making a decision to choose a food source is called onlooker. A bee that carries out random search for discovering new sources is called scout bee [21]- [23] . Using ABC-PI algorithm, both the voltage and current harmonics are mitigated less than IEEE and IEC standards. The conventional PI controller is used for harmonic reduction in VSI, because the system behaviour is accurate due to reduction of steady-state error, reduction of overshoot, increased bandwidth, etc. In this paper, the ideas are also directly implemented digitally for single phase inverter controlled by PIC microcontroller to reduce total harmonic distortion [24] - [26] .
The paper is organized as follows, in the subsequent sections; Inverter circuit analysis, Artificial Bee Colony Algorithm, MATLAB implementation of ABC-PI controller, Simulation results, Experimental setup and finally Figure 1 shows the basic block diagram representation of a full bridge voltage source inverter. In order to maintain the fundamental component at the desired level; a voltage control circuit is built with an inverter. The output of the inverter is fed to an LC filter which introduces a lag varying with the load impedance for producing oscillations. Further the LC networks minimize the THD maintaining the power factor at a specified value. The load output is then fed to a suitable controller and the controlled output is compared with the reference signal and the error signal generated is used to reduce the harmonic content of single phase inverter. In order to achieve a good dynamic behavior, the feedback control loop with fast response is required.
Inverter Circuit Analysis of Full-Bridge Voltage Source Inverter
The inverter load voltage is defined as,
Instantaneous inverter output voltage,
If the load of the inverter is purely resistive, then the load current is given by,
The power absorbed by the load is given by
Total Harmonic Distortion (THD) is a measure of harmonic content in a signal, which is the ratio of all the harmonic components together to the rms amplitude of the fundamental. It is given by, In full bridge inverter, the switching frequency, f s must be above the audible range of 20 KHz. It is given by, switching frequency,
Supply frequency
where, f o is the output frequency and "P" is the pulses per half period. The source voltage and output voltages are related as,
where, V on is the output voltage including on-state voltages of the switching device. 
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According to the circuit topology, the state-space equation can be written as follows. Applying KVL,
Topology (2): S B and S C are on, then u = 0 and the system can generate a negative half sine wave. Figure 3 shows its equivalent circuit. According to the circuit topology, the state-space equation can be written as follows.
Applying KVL,
Applying KCL, 
Equations (11) and (14) are merged with controlled variable u ∈ {0, 1} into following state space equation (15):
where, U = Control variable; L f = Filter inductance; C f = Filter capacitance; R = Load resistance; V in = DC input voltage.
Passive LC Filter Design
The LC low pass filter at the inverter terminals act as parallel resonance and blocks the harmonics into a lower level and passes almost sinusoidal output. In inverters, the LC elements are used for building up the oscillations and are called resonant elements. It should be under damped in nature such that,
Filter capacitance,
Filter cut-off frequency,
Artificial Bee Colony (ABC) Algorithm
Artificial Bee Colony (ABC) algorithm, proposed [23] for real parameter optimization, simulates the foraging behavior of bee colony. In this paper Harmonic reduction is a constrained optimization problem incorporated in VSI with an ABC algorithm. Artificial Bee Colony (ABC) algorithm is an optimization technique providing population based search procedure in which individuals called food positions are modified by the artificial bees with time and the bees aim is to discover the places of food sources with high nectar amount and finally the one with the highest nectar. In ABC algorithm, artificial bee fly around in a multidimensional search space and some employed and onlookers choose food source depending on the experience of themselves and their nest mates, and adjust their positions. Some scout bees fly and choose the food sources randomly without using experience. If the nectar amount of a new source is higher than that of the previous one in their memory, they memorize the new position and forget the previous one.
In ABC algorithm the colony of artificial bees contains three groups of bees: employed bees, onlookers and scouts. First half of the colony consists of the employed artificial bees and the second half includes the onlookers. For every food there is only one employed bee. In other words, the number of employed bees is equal to the number of food sources. The employed bee of an abandoned food source becomes a scout. The search carried out by the artificial bees can be summarized as follows:
Employed bees determine a food source within the neighborhood of the food source in their memory. Employed bees share their information with onlookers within the hive and then the onlookers select one of the food sources. Onlookers select a food source within the neighborhood of the food sources chosen by them. An employed bee of which the source has been abandoned becomes a scout and starts to search a new food source randomly. 5. Repeat. 6. Produce new solutions for the employed bee, X new by using Equation (25) and evaluate their fitness using Equation (22) . 7. Apply the greedy selection process for the employed bees. 8. Calculate the probability values for the solutions Using Equation (24). 9. Produce the new solutions for the onlookers from the solutions X i selected depending on probability and evaluate them.
Pseudo-Codes for the ABC
10. Apply greedy selection process for the onlookers.
Determine the abandoned solution for the scout if exists and replace it with a new randomly Produced solution X i by (26).
12. Memorize the best solution so far. 13. Cycle = cycle + 1 Until Cycle = MCN (Maximum Cycle Number).
Objective Function
The objective function of the VSI comprises reducing total harmonic distortion (THD), which largely depends on the controller parameters. 
where φ represents K p and K i .
Fitness Function
Fitness value (f i t i ) is calculated using iom ( )
Here f(x i ) is the objective function (THD) in the steady state. Figure 4 indicates the flow chart of ABC algorithm. In ABC algorithm, the position of a food source represents i.e. ,
Design Procedures for ABC Optimization
After initialization, the population of the positions (solutions) is subjected to repeated cycles, 1, 2, , C MCN =  of the search processes of the employed bees, onlooker bees and scout bees. An employed bee produces modifications on the position (solution) in the memory depending on the local information (visual information) and tests the nectar amount (fitness value) of the new source (new solution). Provided that the nectar amount of the new one is higher than that of the previous one. The bee memorizes the best food source and forgets the old one. Otherwise keeps the position of the previous one in memory. In general the position of i th food source is represented as:
( ) 11 12 , , ,
After all employed bees complete the search process; they share the nectar information of the food sources and their position information with the onlooker bees on the dance area. An onlooker bee evaluates the nectar information taken from all employed bees and chooses a food source with a probability related to its nectar amount. The probability P i determined as, N. M. Spencer Prathap Singh et al.
where n is total number of food sources. Fitness value f i t i is calculated using (16) . The onlooker finds its food source in the region of X i by using the following relation,
where,
are randomly chosen indexes, r is a uniformly distributed random number in the range [−1, 1].
All the employed bees have completed search process, the information is shared with onlookers. The onlookers select food sources according to the above probability so that better food sources are selected. Each bee will search for a better food source for certain number of cycles (limit), and if fitness value doesn't improve then that particular bee becomes scout. In ABC algorithm, it is simulated by producing a position of scout bees randomly and replacing it with the abandoned one. If the position cannot be improved further through a predetermined of cycles, then that food source is assumed to be abandoned. The value of predetermined number of cycles is an important control parameter of the ABC algorithm, which is called "limit" for abandoned. Assume that the abandoned source is X i and
, then the scout discovers a new food source to be replaced by X i . This operation can be expressed as
Simulation Results and Discussion
The Table 1 it describes the parameters and values for both simulation and hardware.
The detailed closed loop simulation voltage source Inverter using Proportional Integral Controller with ABC optimization is in Figure 5 . The combination of proportional and integral terms increases the speed of response Figure 6 and Figure 7 respectively. Figure 6 shows output voltage waveform with reduced voltage harmonics in a single phase voltage source inverter using PI controller with ABC optimization. The controller works efficiently and maintains constant magnitude of voltage with reduced distortions. Figure 7 shows output current waveform with reduced current harmonics in a Single phase voltage source inverter using PI controller with ABC optimization. It is clear that the current waveform has initial overshoots and oscillates. The controller acts effectively and minimizes the overshoots and the waveform becomes steady with reduced distortions. Figure 8 and Figure 9 shows the block diagram representation and experimental setup of the proposed fully controlled voltage source sine wave Inverter respectively with reduced harmonics for UPS. The experimental setup consists of a step down transformer, Crystal oscillator, Peripheral Interface Controller (PIC), Driver circuit, Power device and Load. The main part of Micro-4011 trainer is PIC microcontroller, DAC, ADC, and Display. The PIC microcontroller (PIC30F4011) generates PWM wave and it is fed to a driver circuit which in used for turn on and turn off of the power device gate signals. A miniature 4 MHZ Quartz Oscillator is used as the resonator. This oscillator generates mechanical resonance of a vibrating crystal of piezoelectric material to create an electrical signal with a very precise frequency. PIC controller is used to generate Pulse Width Modulation (PWM) wave by comparing sine wave and oscillatory wave. In Figure 10 indicates the hardware output. In this Figure 11 shows the comparative results for with and without optimization technique. From this figure it is clearly found that the controller acts very effectively and it maintains the constant output voltage and reduced current THD's for ABC optimization. The voltage harmonics depends on source stability and network impedance so that the voltage harmonics remains constant. The current harmonics are load dependent and the magnitudes get reduced using ABC optimization technique.
Experimental Setup
Conclusion
This paper demonstrates that ABC optimization for a single phase voltage source full bridge inverter reduces THD values better than PI controllers for harmonic mitigation. This technique also provides constant voltage and reduced current THD values. The single phase inverter using proportional integral algorithm controlled by PIC microcontroller was directly implemented using hardware setup and its total harmonic distortions were 
